
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

E-mail addr
Ceramics International 39 (2013) 2631–2637

www.elsevier.com/locate/ceramint
Enhanced stability in CO2 of Ta doped BaCe0.9Y0.1O3�d electrolyte
for intermediate temperature SOFCs
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Abstract

The influence of Ta concentration on the stability of BaCe0.9�xTaxY0.1O3�d (where x¼0.01, 0.03 and 0.05) powders and sintered

samples in CO2, their microstructure and electrical properties were investigated. The ceramic powders were synthesized by the method of

solid state reaction, uniaxially pressed and sintered at 1550 1C to form dense electrolyte pellets. A significant stability in CO2 indicated

by the X-ray analysis performed was observed for the samples with xZ0.03. The electrical conductivities determined by impedance

measurements in the temperature range of 550–750 1C and in various atmospheres (dry argon, wet argon and wet hydrogen) increased

with temperature but decreased with Ta concentration. The highest conductivities were observed in the wet hydrogen atmosphere,

followed by those in wet argon, while the lowest were obtained in the dry argon atmosphere for each dopant concentration. The

composition with Ta content of 3 mol% showed satisfactory characteristics: good resistance to CO2 in extreme testing conditions, while

a somewhat reduced electrical conductivity is still comparable with that of BaCe0.9Y0.1O3�d.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Proton conduction in materials with a perovskite struc-
ture such as barium cerate has been thoroughly studied in
order to elucidate various issues on this phenomenon. It
was found that barium cerate exhibits good ionic con-
ductivity at raised temperatures only when doped with
small amounts of trivalent cations (M3þ ) similar in size
with Ce4þ [1–10]. They occupy Ce sites in the lattice
forming microstructure point defects, i.e. oxygen vacancies

Cex
Ce1=2O

x
Oþ1=2M2O3ðsÞ-MC0Ceþ1=2VO

��
þCeO2ðsÞ

ð1Þ

In wet media the protons are incorporated into the
lattice by water vapor uptake as described by the following
mechanism [2–5,8,9,11–16]:

H2OðgÞþV
��
O þO

x
O32OH�O ð2Þ
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A

g/10.1016/j.ceramint.2012.09.028

ing author. Tel.: þ381 11 2085037; fax: þ381 11 2085038.

ess: aleksandarrr@imsi.bg.ac.rs (A. Radojković).
A relatively small amount of energy (�0.4 eV) is necessary
for proton hopping from one oxygen ion to an adjacent
one, causing a considerably high proton conductivity at
elevated temperatures. Since the reaction described by Eq.
(2) is exothermal [2,8,12–15], proton conduction is domi-
nant usually in the temperature range from 500 1C to
700 1C [5–8,10,12]. Owing to its conductivity that reaches
values up to �10�2 S/cm at 650 1C in a wet hydrogen
atmosphere, BaCe0.9Y0.1O3�d (BCY) has been recognized
as one of the best proton conducting electrolytes applicable
in IT-SOFC systems [5,9,10,17,18].
However, the main drawback of BCY is its chemical

stability, particularly in media rich in CO2 at raised
temperatures. As the material starts to decompose accord-
ing to the following equation [16,19–21,23]:

BaOðin BCYÞþCO2ðgÞ3BaCO3ðsÞ ð3Þ

a negative effect of the secondary phases on both the
microstructure and the electrical properties of BCY will
reduce the effectiveness of a fuel cell system. This can limit
its usage in applications where CO2 appears as a product,
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A. Radojković et al. / Ceramics International 39 (2013) 2631–26372632
mainly in SOFCs that use hydrocarbons as fuel [16,21].
According to the Lewis acid–base theory in solid oxide
systems the basicity at O of the metal–oxygen bond
increases with the increase of the electropositive character
and the ionic radius of the metal [24]. In this respect,
doping of BCY with elements that are more electronega-
tive and have larger ionic radii than Ce and Y could raise
overall acidity of the lattice, i.e. enhance resistance against
carbonatization induced by CO2. It has been reported that
BCY shows good stability when doped with elements that
satisfy the latter requirement (Nb, Zr or In), although with
an inevitable decline in electrical properties [5,10,16,23,25].

The dopant valence also plays an important role since it
is directly related to the formation of oxygen vacancies as
described by Eq. (1). Thus, in the case of pentavalent ions
such as Nb5þ and Ta5þ , a decrease in concentration of
oxygen vacancies may occur due to the following reaction
[23,26]:

Cex
Ceþ1=2V

��
O þ1=2M2O5ðsÞ-M�Ceþ 1=2Ox

OþCeO2ðsÞ ð4Þ

Hence, it is reasonable to dope BCY with considerably
lower concentrations of Ta than Y in order to prevent a
significant decline in electrical properties. It has been
previously shown that Ta enhanced the stability of BaCe0.8
Y0.2O3�d in CO2 [22], but only a single concentration of Ta
(10 mol%) was investigated. Therefore, in this work BCY
was doped with concentrations of Ta5þ up to 5 mol%,
with the aim to determine the optimal concentration of
Ta that will satisfy the criteria for both good electrical
properties and stability in CO2.

2. Experimental

2.1. Synthesis and processing of the ceramic powders

Synthesis of BaCe0.9�xTaxY0.1O3�d (where x¼0.01, 0.03
and 0.05) powders, denoted as BCTY1, BCTY3, and BCTY5,
was carried out by the solid state reaction method. Barium(II)-
carbonate (Merck, Darmstadt, Germany), cerium(IV)-oxide
(Carlo Erba, Milano, Italy), yttrium(III)-oxide (Merck, Darm-
stadt, Germany) and tantalum(V)-oxide (Merck, Darmstadt,
Germany) were mixed with a small amount of 2-propanol
(LACH-NER, s.r.o., Brno, Czech Republic) and homogenized
for 24 h in a planetary ball mill using a tungsten carbide jar
and balls. The mixture was dried at 50 1C for 2 h and ground
in an agate mortar before being calcined at 1000 1C for 5 h.
The resulting single-phased ceramic powders were uniaxially
pressed into pellets 8 mm in diameter before being sintered in
a tube oven at 1550 1C for 5 h.

2.2. Characterization of the powders and sintered samples

The powders were characterized by differential scanning
calorimetry–thermogravimetric analysis (DSC–TGA; SDT
Q600 V7.0 Build 84, TA Instruments, USA), X-ray
diffraction (XRD; RIGAKUs RINT 2000, Tokyo, Japan)
analysis and field-emission scanning electron microscopy
(FESEM; JEOL JSM-6700F, Jeol Ltd., Tokyo, Japan).
The microstructure of the sintered samples was investi-
gated by scanning electron microscopy (SEM; TESCAN
Vega TS5130MM, Tescan a.s., Brno, Czech Republic) and
XRD analysis. The average grain size was estimated by the
linear intercept method using at least three images of
randomly selected surface areas.
Electrochemical impedance spectroscopy (EIS) was per-

formed using a HIOKI 3532–50 LCR HiTESTER (HIOKI
E. E. Corporation, Nagano, Japan) in a descending
frequency mode from 1 MHz to 42 Hz. The thickness
and diameter of the sintered pellets were as follows:
BCTY1 (1.05 mm; 7.01 mm), BCTY3 (1.05 mm; 7.07 mm)
and BCTY5 (0.97 mm; 6.95 mm). The samples were pre-
pared by applying a Pt-paste on both sides of the pellets to
form Pt/electrolyte/Pt symmetrical cells that were dried at
100 1C for 2 h before being treated for 30 min at 750 1C.
Measurements were performed in the temperature range of
550–750 1C in a wet hydrogen (�3 vol% of H2O), wet
argon and dry argon atmosphere assuming the highest
proton conduction in this temperature range. The wet
atmospheres were provided by passing the gases through a
gas washer filled with distilled water at room temperature.
In the other case, the dry argon medium was secured with a
gas trap filled with P2O5 mounted prior to the inlet of the
cell system. The flow rate of the gases through the system
was 50 cm3/min and was kept constant by a digital mass
flow controller and meter (MKS PR 4000B-F, MKS
Instruments, Berlin, Germany).

2.3. Stability of the sintered ceramics in CO2

The sintered samples were exposed to 100% CO2 at
700 1C for 5 h in order to examine the degree of electrolyte
decomposition as a function of Ta concentration. The
heating and the cooling rates were 5 1C/min. After treat-
ment in CO2, changes in composition on the pellet surface
were investigated by XRD analysis.

3. Results and discussion

3.1. Synthesis conditions and phase purity

In order to determine the solid state reaction tempera-
ture and secure complete decomposition of the starting
barium carbonate during synthesis of BaCe0.9�xTaxY0.1

O3�d (BCTY) powders, changes of the reaction mixture
were tracked by DSC–TGA analysis up to 1400 1C. Fig. 1
shows DSC–TGA curves obtained for the BCTY3 powder.
The endothermic peak present at slightly over 800 1C in
the heat flow curve indicates a phase transformation in
BaCO3 [23,27]. The next endothermic trend with a max-
imum slightly below 1000 1C can be assigned to decom-
position of barium carbonate with concomitant formation
of the orthorhombic BCTY3 phase. This is followed by a
maximal weight loss of approx. 8% on the derivative
weight loss curve.
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On the other hand, the XRD spectra of the BCTY
powders calcined at 1350 1C, 1200 1C and 1000 1C show no
presence of secondary phases. This confirms that a pure
Fig. 1. DSC–TGA analysis of the BCTY3 sample.

Fig. 2. XRD pattern of BCTY3 calcined at 1000 1C for 5 h and sintered

at 1550 1C for 5 h.

Fig. 3. FESEM images of powders calcined at 1000 1C
perovskite phase can be obtained even at 1000 1C, which
can be seen in Fig. 2. Phase purity was also proved after
sintering in air at 1550 1C for 5 h. The XRD spectra show
only slightly sharper and more pronounced reflection lines
that can be ascribed to a higher crystallinity degree of the
sintered samples (Fig. 2).

3.2. Microstructure of the BCTY ceramics

Properties such as particle size distribution and agglom-
eration degree of ceramic powders have a strong influence
on the resulting microstructure and properties of the
sintered specimens [5–8,10,16]. FESEM images of the
BCTY powders presented in Fig. 3 show similar micro-
structures with clusters of agglomerated particles up to a
few hundreds of nanometers. The crystallite size, calcu-
lated from the Scherrer equation, was �20 nm for all
investigated samples showing no correlation between the
Ta content and crystal growth. It is remarkable that even
at 1000 1C the primary, grain-like particles have started to
merge indicating the beginning of the sintering process.
SEM images of surfaces of samples sintered at 1550 1C

are shown in Fig. 4. Dense microstructures with flat grain
boundaries indicate that the sintering process has com-
pleted. All samples showed a bimodal grain size distribu-
tion. The most expressed was obtained for the BCTY5
sample. The average grain size slightly decreased with the
increase of Ta content from 1.2 mm (BCTY1) to 1.0 mm
(BCTY5). Values around 1 mm are typical for doped BCY
[6,12,23,25], and the reduced grain growth in the case of Ta
shows its negative effect on the sinterabilty of BCY
ceramics as reported elsewhere [22,26]. Furthermore, since
the samples with smaller grains contain more grain
boundaries per volume unit, a decrease in their electrical
conductivities could also be expected. An increase of the
sintering temperature as a way to enhance grain growth is
limited by evaporation of BaO that occurs above 1500 1C
[3,6,7,19,21]:

BaCeO3ðsÞ3BaOðgÞþCeO2ðsÞ ð5Þ

This process deteriorates the microstructure of the elec-
trolyte, eventually leading to worse electrical properties.
for 5 h: (a) BCTY1, (b) BCTY3 and (c) BCTY5.



Fig. 4. SEM images of surfaces of samples sintered at 1550 1C for 5 h: (a) BCTY1, (b) BCTY3 and (c) BCTY5.

Fig. 5. Nyquist plots for BCTY3 in the wet and dry argon atmospheres

at 550 1C.
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3.3. Electrical properties of the BCTY electrolytes

Since BCY is applicable in IT-SOFC systems, impedance
analysis was performed in the temperature range between
550 1C and 750 1C. However, at these temperatures it was
not possible to distinguish between grain boundary and
grain interior contributions to the total sample resistivity,
except only at 550 1C in the wet and dry argon atmo-
spheres. In the wet hydrogen atmosphere the grain bound-
ary arc almost completely disappeared even at 550 1C and
it could not be modeled with certainty. In Fig. 5 Nyquist
plots of BCTY3 are shown at 550 1C in wet and dry argon
atmospheres. Curve fitting was performed using the EIS
Spectrum Analyzer Software. Stray inductance, L, resis-
tors: Re, R1, R2 and constant phase elements, denoted as
CPE1 and CPE2 were used as elements of the equivalent
circuit. The two constant phase elements were related to
the two almost merged semicircles. The first arc at higher
frequencies refers to grain boundaries (CPE1), while the
second one is related to charge transfer processes at the
electrode/electrolyte interface (CPE2). The real grain bound-
ary capacitance, C, was calculated using the following
expression [6,7,19,23]:

C ¼ R1�n=nQ1=n ð6Þ

where Q and n represent the parameters of the constant
phase elements and R is the resistivity of the grain
boundary. The capacitance values obtained for the BCTY3
sample were 1.1� 10�9 F/cm in wet argon and
3.0� 10�9 F/cm in dry argon, whereby 10�9 F/cm is an
order of magnitude typical for grain boundary capacitance
[6,7,13,16,23]. This difference in grain boundary capacitance
is followed by a difference in grain boundary resistivity
at 550 1C (106.1 O in dry Ar and 73.4 O in wet Ar).
The oxygen vacancies tend to pile up in a grain boundary
core minimizing the energy of the angular mismatch between
crystalline lattices of adjacent grains [28]. This positive grain
boundary core together with a neighboring negative space-
charge layer is characterized by a Schottky barrier height,
which is responsible for higher grain boundary resistivities [29].
The lower value determined for grain boundary resistivity in
the wet argon atmosphere can be explained by a higher
mobility of proton defects originating from the hydration of
oxygen vacancies as described by Eq. (2).
Activation energies (Ea) were calculated from Ahrrenius

plots according to the derived equation:

lnðsTÞ ¼ ln A�
Ea

k

1

T
ð7Þ

where s is the conductivity, T is the absolute temperature,
A is the pre-exponential factor and k is the Boltzmann
constant. Total conductivities of the BCTY samples in the
form the Ahrrenius plots are shown in Fig. 6. Their values
depended on three parameters: temperature, concentration
of Ta and atmosphere. By keeping any two of them
constant, the total conductivities: (i) increase with tem-
perature, (ii) decrease with concentration of Ta and (iii)
decrease in the following order: swet hydrogen4swet argon4
sdry argon. The determined activation energies varied
around 0.4 eV and they slightly increase with the increase
of Ta concentration. The value of 0.4 eV has been
previously reported for BCY in wet hydrogen [23], while
for doped BCY, Ea varies between 0.3 and 0.6 eV [6,10,25].
The highest values were observed in the dry argon



Fig. 6. Total conductivities of the BCTY samples in the form of Arrhenius plots in different media: (a) wet hydrogen, (b) wet argon and (c) dry argon.

Table 1

Total conductivities in the wet hydrogen atmosphere as a function of Ta

concentration and temperature.

T (1C) s� 102 (S/cm)

BCTY1 BCTY3 BCTY5

750 1.0170.01 0.9470.01 0.6270.01

700 0.8970.01 0.7570.01 0.5370.01

650 0.7670.01 0.6470.01 0.4570.01

600 0.6270.01 0.5370.01 0.3670.01

550 0.4970.01 0.4170.01 0.2870.01
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atmosphere, followed by those in wet argon for each
electrolyte composition. As the highest concentration of
protons can be obtained in a wet hydrogen environment,
it is reasonable to expect the highest conductivities along
with the lowest activation energies in this medium. In
environments with no source of protons such as dry Ar,
the lowest conductivities were obtained due to conducting
mechanisms that require higher activation energies
[1,12,14,16]. In this case, oxygen ions and electron holes
are the charge carriers taking part in the conducting
mechanism. Electron holes can arise at higher oxygen
partial pressures and at raised temperatures, in an envir-
onment such as during sintering in air [1,4,7,8,12,14,16]:

V��O þ1=2O2ðgÞ2Ox
Oþ2h

�
ð8Þ

Although hydration of electron holes is less favorable
than hydration of oxygen vacancies [28], in wet environ-
ments the conductivity contribution of electron holes is
expected to be reduced due to water uptake according to
the following equation:

H2OðgÞþ2O
x
Oþ2h

�-2OH�Oþ1=2O2ðgÞ ð9Þ

Summarily, proton conduction in wet media is dominant
at lower temperatures, while the oxygen ion conducting
mechanism prevails at temperatures above 800 1C [4,28].

When it comes to the influence of Ta on electrical
properties, the experimental results are in agreement with
the assumptions made previously: a decrease in vacancy
concentration (according to Eq. (4)) would result in a
decreased conductivity. Besides, the activation energies
show a tendency to increase with the increase of dopant
concentration. This can be explained by a reduced mobility
of charge carriers caused by a lattice distortion [6,7,25]
when Ta5þ with a relatively small ionic radius (0.64 Å)
occupies the site of Ce4þ (0.87 Å) in the BO6 octahedra of
the perovskite structure (ABO3). Total conductivities in
the wet hydrogen atmosphere as a function of Ta con-
centration and temperature are presented in Table 1 The
electrolytes doped with 1 and 3 mol% of Ta still remain
comparable to the undoped BCY with a drop in con-
ductivity of �35% for the BCTY3 composition at 650 1C.
A similar material has been already investigated as an
electrolyte for IT-SOFC by Bi et al. [22] In their case
conductivity of electrolyte was 0.23� 10�2 S/cm2 at 600 1C
(0.53� 10�2 S/cm2 was observed for BCTY3 at the same
temperature) and maximum power output obtained from
fuel cell tests was 137 mW/cm2.

3.4. Stability in CO2

As stated in the introduction of this paper, the main
disadvantage of BCY as an electrolyte for IT-SOFCs is its
vulnerability to CO2 at raised temperatures. The BCTY
electrolytes were exposed to 100% CO2 at 700 1C, an
environment that is by far more extreme than the operat-
ing conditions of SOFCs using hydrocarbon based fuels or
another, where CO2 emanates as a product. This condition
was chosen in order to assess the degree of stability as a
function of Ta concentration in a shorter period of time
(5 h), and it can be described as an accelerated stability test
[21]. Fig. 7 shows the XRD spectra of the BCTY samples
after treatment in 100% CO2 atmosphere at 700 1C for 5 h.
The presence of BaCO3 and CeO2 as secondary phases was
detected in all spectra suggesting the reaction of BCTY
decomposition

BaCeO3 ðBCTYÞþCO2 ðgÞ3BaCO3ðsÞ þCeO2ðsÞ ð10Þ

This reaction can be conveniently described as a reaction
of neutralization according to the Lux-Flood acid–base
theory [30]. It is applicable to solid systems, stating that



Fig. 7. XRD spectra of the BCTY samples after treatment in 100% CO2

atmosphere at 700 1C for 5 h.
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acids (CO2) represent acceptors of oxygen ions, while bases
(BaO) are their donors. To inhibit the reaction of BCY
decomposition (neutralization), it is necessary to increase
the acidity of O2� ions in the perovskite structure,
especially those bonded to barium. It may be possible to
achieve this by introducing elements that are more electro-
negative than Ce, such as Ta, Nb or In into the lattice.
As shown in Fig. 7, the most stable composition was
achieved with the highest concentration of Ta (5 mol%).
A significant resistance to CO2 was also shown by BCTY3
considering the extreme conditions of the experiment. It is
important to note that degradation of a dense electrolyte
sample occurs mostly at its surface, and it can be even less
expressed in electrolytes coated with electrodes [21].
4. Conclusion

The stability of doped BCY in CO2, its microstructure
and electrical properties, still remain one of the most
important concerns that limit its utilization in IT-SOFCs
applications. The influence of Ta doping on the properties
of BCY is multiple: it decreases the average grain size of
the sintered samples and the concentration of oxygen
vacancies. On the other hand, it causes distortion of the
crystal lattice. All these features lead to degradation of the
electrical properties that were investigated in the tempera-
ture range of 550–750 1C regardless of atmosphere. In spite
of that, the stability in CO2 was enhanced with increased
dopant levels as a consequence of the raised acidity of the
crystal lattice. BCTY3 showed the most promising proper-
ties of the three compositions investigated in terms of
considerable stability in CO2 (taking into account the
extreme testing conditions) and a relatively high conduc-
tivity in the wet hydrogen atmosphere at 650 1C (0.64�
10�2 S/cm). The other two electrolytes showed either poor
chemical stability (BCTY1) or unsatisfactory electrical
properties (BCTY5).
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[23] A. Radojković, et al., Chemical stability and electrical properties of

Nb doped BaCe0.9Y0.1O3�d as a high temperature proton conducting

electrolyte for IT-SOFC, Ceramics International (2012)http://dx.doi.

org/10.1016/j.ceramint.2012.06.026.

[24] A. Zecchina, C. Lamberti, S. Bordiga, Surface acidity and basicity:

general concepts, Catalysis Today 41 (1998) 169–177.

[25] E. Di Bartolomeo, A. D’Epifanio, C. Pugnalini, F. Giannici, A. Longo,

A. Martorana, S. Licoccia, Structural analysis, phase stability and

electrochemical characterization of Nb doped BaCe0.9Y0.1O3�x electro-

lyte for IT-SOFCs, Journal of Power Sources 199 (2012) 201–206.

[26] K. Xiea, J. Zhoua, G. Meng, Pervoskite-type BaCo0.7Fe0.2Ta0.1O3�d

cathode for proton conducting IT-SOFC, Journal of Alloys and

Compounds 506 (2010) L8–L11.

[27] S.M. Antao, I. Hassan, BaCO3: high-temperature crystal structures

and the Pmcn-R3m phase transition at 811 1C, Physics and Chemistry

of Minerals 34 (2007) 573–580.

[28] T. Norby, Proton conductivity in perovskite oxides, in: T. Ishihara

(Ed.), Perovskite Oxide for Solid Oxide Fuel Cells, Springer,

Dordrecht, Heidelberg, London, New York, 2009, pp. 217–238.

[29] C. Kjølseth, H. Fjeld, Ø. Prytz, P.I. Dahl, C. Estourn�es, R. Haugsrud,

T. Norby, Space-charge theory applied to the grain boundary

impedance of proton conducting BaZr0.9Y0.1O3�d, Solid State Ionics

181 (2010) 268–275.

[30] H. Flood, T. Förland, The acidic and basic properties of oxides, Acta

Chemica Scandinavica 1 (1947) 592–604.

dx.doi.org/10.1016/j.ceramint.2012.06.026
dx.doi.org/10.1016/j.ceramint.2012.06.026
dx.doi.org/10.1016/j.ceramint.2012.06.026
dx.doi.org/10.1016/j.ceramint.2012.06.026

	Enhanced stability in CO2 of Ta doped BaCe0.9Y0.1O3minusdelta electrolyte for intermediate temperature SOFCs
	Introduction
	Experimental
	Synthesis and processing of the ceramic powders
	Characterization of the powders and sintered samples
	Stability of the sintered ceramics in CO2

	Results and discussion
	Synthesis conditions and phase purity
	Microstructure of the BCTY ceramics
	Electrical properties of the BCTY electrolytes
	Stability in CO2

	Conclusion
	Acknowledgments
	References




